[1] With a new automated precipitation collector we measured a remarkable decrease of 51% in the hydrogen isotope ratio (d H values of À26 and À78%, we calculate precipitation temperatures of 9.7 and À4.2°C using an adiabatic condensation isotope model, in good agreement with temperatures estimated from surface observations and radar data. This model indicates that 60 percent of the moisture was precipitated during ascent as temperature decreased from 15°C at the ocean surface to À4°C above the measurement site. Citation: Coplen, T.
Introduction
[2] The stable isotopic composition of tropospheric vapor condensation is largely controlled by temperature under adiabatic or pseudo-adiabatic conditions during ascent of air masses, providing a natural tracer of atmospheric processes [Gedzelman and Lawrence, 1990; Scholl et al., 2007; Smith and Evans, 2007] . Organized ascent can often be found in atmospheric rivers (AR), which are characterized by strong horizontal water-vapor fluxes concentrated in a narrow band in the lower troposphere immediately ahead of polar cold fronts [Zhu and Newell, 1998; Ralph et al., 2004] . They are readily identifiable in Special Sensor Microwave/Imager (SSM/I) satellite imagery as long, narrow plumes of enhanced integrated water vapor (IWV) (Figure 1 ) [Hollinger et al., 1990] . They often produce heavy coastal rainfall and flooding along the U.S. West Coast . During landfalling Pacific winter storms, ARs provide a focused moisture source, leading to orographic rainfall enhancement in the coastal mountains Bao et al., 2006] . These processes have not been studied from simultaneous meteorological and isotopic perspectives because of the difficulty in making both types of measurements concurrently. With stable isotopic results of samples taken with new instrumentation, collocated at a research meteorological site, we report on insights that this combined capability provides in understanding the origin and history of precipitation during a landfalling AR along the northern California coast (Figure 1) .
[3] Studies using meteorological arrays have provided insights into precipitation-generating processes [Neiman et al., 2002 Kingsmill et al., 2006; Ralph et al., 2006] and precipitation characteristics during such storm events [White et al., 2003; Martner et al., 2008] . These meteorological findings helped shape the present work by revealing processes that would be expected to impose distinct isotopic signatures on the resulting precipitation. Notably, precipitation with a radar ''brightband'' (BB) signature falls as the ''seeder'' portion of the ''seeder-feeder'' precipitation mechanism [Bergeron, 1965] . (The brightband is a narrow horizontal layer of enhanced radar reflectivity measured in the atmosphere where snow melts to form rain [Battan, 1973] . The discrete altitude referred to as BB in this paper is the altitude of the maximum radar reflectivity in the brightband, as measured by the profiling radars used in this study.) Because such precipitation occurs initially at higher (and much colder) altitudes, it would be expected to have an isotopic composition depleted in 2 H [Dansgaard, 1953] . In contrast, a shallow rainfall process occurring without a BB, i.e., non-brightband (NBB) rain, forms primarily at low altitudes [White et al., 2003] and is expected to exhibit an isotopic composition consistent with a relatively warm marine source. This is the ''feeder'' part of the ''seederfeeder'' phenomenon.
Observing Systems
[4] The California observing couplet used in this study at Bodega Bay (BBY) and Cazadero (CZD) $30 km north-northwest of BBY and $10 km inland in the coastal mountains at 475 m above mean sea level (MSL) (Figure 1 ) constitutes an AR observatory, consisting of an unusual combination of vertical radars and specialized meteorological instrumentation.
[5] This study required instrumentation to obtain many time-integrated samples over short (30-min) intervals to capture rapid changes in isotopic composition. An automated precipitation collector (U.S. patent pending) for obtaining 96 sequential 15-mL samples was built (see Figure S1 of the auxiliary material 1 ) and installed at CZD. Upon notification of the approach of the AR by NOAA weather forecasters, the collector was started. Figure 3 summarizes meteorological and isotopic measurements at CZD. S-PROF radar reflectivity profiles of precipitation and clouds [White et al., 2003 ] allowed an objective differentiation of BB rain from NBB rain (Figures 3a and 3b ). Also indicated are NBB periods subjectively determined to have convective rainfall. The d 2 H of precipitation changed distinctly over time ( Figure 3d ) defining six successive periods, I through VI. The d
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18 O variations were comparable to those of d 2 H and are not presented here. [7] At the beginning of period I (1500 -2215 UTC 21 March), S-PROF radar reflectivity (Figure 3a ) documents the onset of high clouds ($6.5 km MSL) at CZD. By 2000 UTC, these clouds thickened and lowered with the descent of warm-frontal wind shear (stronger winds over weaker winds) that was first observed over BBY at $4 km MSL (Figure 2a) . Such a warm frontal region is often associated with upward vertical motion in the middle to upper troposphere, where clouds and precipitation form aloft. Indeed, IWV (Figure 2b ) reveals significant moistening during the warm-frontal descent, with light rain commencing at 2030 UTC. At 2130 UTC, the first surface accumulation occurred at CZD yielding a precipitation d 2 H of À24%. This was likely generated in part by local shallow orographic forcing [e.g., Neiman et al., 2002] . The mean surface temperature at CZD during period I was $9.3°C, but temperatures where precipitation formed were likely to be slightly cooler. Also at 2130 UTC, the BBY wind profiler reveals the beginning of a 572-m increase in the BB melting layer, from 1542 m to 2114 m (at 0230 UTC 22 March), in response to warm advection during the warm-frontal descent over the next five hours.
[8] During period II (2215 -2315 UTC 21 March), d
2 H values decreased dramatically within 60 min from À25.5 to À77%, indicating that the precipitation source transitioned rapidly from a predominantly warm (i.e., shallow) region to a much colder one (i.e., more elevated, owing to the deep cloud layer produced by synoptic-scale ascent with the warm front). The delay between the onset of BB rain during period I and the sharp drop in isotopic values that followed is due to the time required for precipitation formed deep in the cloud to fall through the melting layer and reach the surface. The decrease in d 2 H of rain reflects an increasing contribution of cold seeder-cloud precipitation aloft, consistent with the strengthening echoes in the radar BB.
[9] During period III (2315 UTC 21 March to 0300 UTC 22 March), d
2 H varied about a mean value of À78% as precipitation continued to be generated by the deep, cold cloud layer via the seeder-feeder mechanism. The effective source region of precipitation was above the BB altitude where seeder precipitation readily forms. Over periods I through III at CZD, BB rain increased in intensity (Figure 3c ) while the altitude of the BB ascended during the warmfrontal descent through this layer. At the end of period III (i.e., 0300 UTC) the descending warm front nearly had reached the surface at BBY (Figure 2b) .
[10] During period IV (0300 -0600 UTC 22 March), d
2 H values increased dramatically from À80 to À22%, indicating that precipitation was forming at increasingly warmer temperatures. At the beginning of this period, BB precipitation abruptly terminated (Figure 3a ), but the precipitation intensified (Figure 3c ) as the warm front descended toward the surface, and strong onshore water vapor fluxes, which favor orographic rain enhancement, enveloped the region. After 0315 UTC, there was a marked change in the dropsize distribution toward a preponderance of small drops, consistent with the transition from deep, synoptically forced precipitation to much shallower, locally generated orographic precipitation (Figure 3b) . At 0410 UTC, warm-frontal wind shear descended to the surface at BBY, followed by a 28 m s À1 south-southwesterly low-level jet centered at $1 km MSL in the cyclone warm sector (Figure 2a) .
[11] During period V (0615 -0845 UTC 22 March), the mean d 2 H value was À26% with little variation as locally generated orographic rain continued. Some of the most intense rain rates occurred during this period due to a spike in the upslope flow in combination with enhanced water vapor content (i.e., the low-level water vapor flux was maximized in the pre-cold-frontal low-level jet) (Figure 2b ). NBB rain (including embedded convection) persisted until shortly after the cold-frontal passage at $0800 UTC 22 March. Although the surface temperature at CZD over period V increased from $9.5°C to 11°C, temperatures where precipitation formed were likely cooler than the surface, but much warmer than during the bulk of period IV. Rainfall at CZD diminished at $0800 UTC, when observations at BBY revealed an abrupt wind shift from strong southerly to weaker southwesterly below 1 km MSL and a sharp drop in IWV that marked the leading edge of a deep tropospheric cold-frontal passage (Figure 2a) .
[12] During period VI (0845-1045 UTC 22 March), d
2 H values decreased as cold air filtered in behind the cold front. The extremely low intensity rainfall that occurred during this period was sampled by the disdrometer and the sequential collector, but not by the tipping-bucket rain gauge (Figures 3b-3d ).
Synthesis and Discussion
[13] We modeled the d 2 H of CZD precipitation (data available 1 ) using the numerical closed-system Rayleigh Figure 3d : I, pre -coldfrontal precipitation of marine air; II, transitional mixing of I and III; III, precipitation from deep, cold cloud layer via the seeder-feeder mechanism; IV, transitional mixing between III and V; V, shallow, locally generated orographic rain; VI, light rainfall with passage of cold front.
[1896]-based model of Gonfiantini and Gherardi [2006] , which produces rain by atmospheric vapor condensation under (pseudo)-adiabatic conditions during air-mass ascent. H values provide an independent confirmation of the seeder-feeder process. For each of the 3 model runs, the discrete temperatures predicted and estimated precipitation temperature ranges show good agreement, despite the wide range in temperature of the precipitation source region. The model also indicates that during period III, 60 percent of air-mass moisture precipitated from the air mass from when its precipitation temperature was 15°C in the Pacific Ocean; but, for period V, the loss from shallower, locally generated orographic precipitation was only 20 percent of moisture despite a higher rainfall rate (Figure 3c) . The d 2 H behavior in periods I through IV is similar to the pioneering measurements of Dansgaard [1953] who quantified the relation between d
18 O and precipitation formation temperatures for a similar mid-latitude coastal storm in Europe more than half a century ago, although he had none of the remote sensing tools and high-frequency sampling capability of this study.
[ 2 H value of $À54%. The seeder-transition signature would have been missed without sequential 30-min sampling and potentially misinterpreted without the meteorological array. In summary, the combination of high resolution isotopic data and multivariate data from meteorological arrays provides an enhanced understanding of the transitions between meteorological regimes. 
